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Abstract 
Water samples were collected throughout the Embarras River watershed above the Camargo 
gage in east-central Illinois from March 1999 through September 2000 to study the occurrence 
of herbicides, both parent compounds and metabolites. Hydrologic models were developed to 
predict the amount and source (surface and subsurface tiles) of flow during events. The 
herbicides atrazine, metolachlor, and acetochlor were the focus of the study because they are 
heavily used in Illinois and in this watershed, which is approximately 92% row crop agriculture 
(com and soybean). Water samples were collected based on flow from three subwatersheds of 
varying tile density and from the watershed outlet at Camargo. During the study, near record low 
flow totals occurred with no large spring events that are typically seen. As the rainfall rate was 
almost always less than the infiltration rate of the soils in the watershed, nearly all flow was from 
tiles during the sampling period, with only a portion of the watershed receiving surface runoff in 
late June of 2000. For atrazine and metolachlor, the first flow event of any size following 
applications in April and May caused the highest concentrations observed (typically called the 
spring flush). This demonstrated that these herbicides moved through the soils of the watershed 
and into tile lines and then the river. Concentrations (by immunoassay) of atrazine at Camar¥o 
peaked at 28 and 31 f.lg L-1 in 1999 and 2000, respectively, and metolachlor at 4 and 5 f.lg L- . 
The spring flush led to the highest concentrations of herbicides that were measured during the 
project in the Embarras River at Camargo. Metabolites of the chloroacetanilide herbicides were 
detected more often than the parent compounds, with metolachlor ESA (ethanesulfonic acid) 
detected most often (> 90% from all sites), and metolachlor OA (oxanilic acid) second (40 to 
100% of samples at the four sites). Metolachlor ESA was found at concentrations of 1.2 to 3.9 
f.lg L-1 at Camargo (outlet of watershed) and concentrations of this metabolite did not seem to be 
related to flow, suggesting that it is quite persistent and ubiquitous in the watershed studied. 
When summed, the median value of the three chloroacetanilide parent compounds (acetochlor, 
alachlor, and metolachlor) was 3.4 f.lg L-1, whereas it was 4.3 f.lg L-1 for the six metabolites. Our 
pattern of concentrations differed among the three herbicides, with parent compounds> 
metabolites for acetochlor and alachlor, but ESA > parent compound> OA for metolachlor. 
These results support the importance and persistence of chloroacetanilide metabolites, although 
they were not as dominant as in the few previous studies that have analyzed for them. These 
metabolites have only recently been detected in surface waters, and there are no drinking water 
standards established for them. Whether chronic exposure to this chemical in combination with 
other herbicides causes adverse effects on aquatic ecosystems or human health is unknown. 
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Chapter 1. Introduction 
Illinois' agricultural soils are some of the most productive in the world, with com and 
soybeans the two major crops in the state. To achieve desirable yields that would meet the 
increasing market demand for more food worldwide, the use of herbicides and other agri­
chemicals is a critical component of current production systems. The most commonly used 
herbicides in the U.S. prior to 1995 were atrazine, cyanazine, metolachlor, and alachlor (Meyer 
and Thurman, 1996; Battaglin and Goolsby, 1999). Since 1994, however, acetochlor has 
replaced alachlor in the Midwest for com weed control (Battaglin and Goolsby, 1999) and was 
found in surface waters the year it was first used (Kolpin et aI., 1996a). Each of these herbicides 
are found in the Mississippi River as it nears the Gulf of Mexico, demonstrating their movement 
into rivers and transport downstream (Clark and Goolsby, 2000). Because of the herbicides' 
adverse impacts on human health and ecosystems, current federal drinking-water regulations 
require public-water-supplies to monitor these herbicides and their metabolites at least four times 
a year. Compliance with the regulations is based on the average of the concentrations measured 
consecutively in a single year. For example, 12 flg L-1 atrazine concentration in a single water 
supply sample will result in noncompliance even if the other three measurements are zero 
because the average concentration will be 3 flg L-1, the federal standard for atrazine (Illinois 
Agronomy Handbook, 1996-1997). The extensive information on herbicide impairment of water 
quality has been reviewed and summarized in Goodrich et al. (1991), Gish and Sadeghi (1993), 
and Sharpley and Meyer (1994). Therefore, atrazine and other herbicide contamination of water 
supplies have been public policy issues (Hildebrand, 1994; Johnson, 1995). 
Measurements in rivers of the Midwest have shown that quite often the highest 
concentrations of herbicides are found during the first significant streamflow increase (runoff 
event) after herbicide applications (Thurman et aI., 1991; Scribner et aI., 1994). Therefore, many 
studies have focused sampling on the first event in late spring to early summer. From samples 
collected in 1989 through 1990, U.S. Geological Survey studies found that atrazine and alachlor 
were the primary herbicides in storm runoff in the Midwest and that the concentrations were 
frequently above drinking water standards (Scribner et aI., 1994). Battaglin and Goolsby (1999) 
and Scribner et al. (2000a) used sampling from the first large event following applications to 
examine whether changes in herbicide use were reflected in concentrations in midwestern rivers. 
They found that both the decrease in alachlor use and increase in acetochlor were reflected in 
river concentrations, but that for other herbicides (metolachlor, cyanazine, and atrazine) changes 
in river concentrations could not be attributed only to use patterns (Battaglin and Goolsby, 1999; 
Scribner et aI., 2000a). 
Clark and Goolsby (1999) evaluated acetochlor in streams to determine the movement of this 
new herbicide in more detail. They found that most of the acetochlor measured in the Mississippi 
River was from sub-basins draining Illinois, Iowa, and Indiana, although only 2% of the samples 
exceeded the 2 flg L-1 standard for drinking water (78% of the 375 samples collected at 32 
stream sites contained detectable concentrations). Clark and Goolsby (1999) found that overall, 
acetochlor behaved like other acetanilide herbicides, with less persistence than triazine 
herbicides, which was consistent with previous studies of acetanilides versus triazines (Larson et 
aI., 1997; Clark et aI., 1999). 
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Subsurface (tile) drainage is commonly and extensively used in Illinois to artificially drain 
fields and allow production agriculture. Agri-chemicals can move through soil profiles to tile 
lines, where they are carried directly into surface waters. This has been shown to contribute large 
amounts ofN to various watersheds in the Midwest (e.g., Kladivko et aI., 1991; David et aI., 
1997; Gentry et aI., 1998), particularly during high rainfall events. Recent studies have also 
shown that tiles can transport large amounts and high concentrations of P through preferential 
flow processes (i.e., where solutes are transported through only a small portion of the soil 
volume). In areas with low livestock and high tile drainage such as east-central Illinois, tile 
transport of P can be as important or more important than surface transport (Gaynor and Findlay, 
1995; Xue et aI., 1998; Gachter et aI., 1998; Stamm et aI., 1998). Previously, P was thought to 
move into streams and rivers by surface runoff only, with tile drainage an unimportant transport 
process. Pesticide transport in tiles may also be as important as surface runoff in heavily tile­
drained watersheds of Illinois. 
Although the movement of nitrate is well known in tile drainage waters (and P is just 
becoming known), pesticides have not been as well studied (Flury, 1996). Flury (1996) provided 
an excellent summary on the transport of pesticides in fields, and pointed out that additional 
research needs to be done. Kladivko et aI. (1991) demonstrated on experimental farms that 
preferential flow to tile lines could quickly cause the movement of small amounts of pesticides 
from soils into tile lines. Roy et aI. (1993) concluded that the greatest concentrations of atrazine 
and metabolites leaving cropland were transported by tile water, although they could not separate 
surface runoff through a surface drain to the tile from preferential flow through the soil. Buhler 
et aI. (1993) pointed out that herbicide movement in subsurface drainage from agricultural land 
is still not well understood despite a large body of information on herbicides in the environment. 
Gentry et aI. (2000) showed that herbicides (atrazine and metolachlor) can be rapidly transported 
through soils to tile drains and surface waters in central Illinois. 
Donald et aI. (1998) examined herbicide distribution and variability across a small watershed 
in Missouri. They indicated that there are few published studies on herbicide concentrations and 
variability in surface waters at this scale (7250 ha). Fenelon and Moore (1998) studied the 
transport of herbicides in a watershed in Indiana that had extensive tile drainage. They found that 
tile drainage patterns of atrazine and atrazine metabolites were similar to seasonal trends in 
Sugar Creek. In Illinois, few intensive studies have been conducted, with most sampling large 
rivers only. Therefore, there is a need for further study on the herbicide concentrations and loads 
in the river of a small, heavily tile-drained watershed that has inputs of water from both surface 
runoff and tile drainage. Groundwater discharge (or baseflow) is typically a much smaller input 
of water, and only dominates streamflow during late summer through early winter, when tiles are 
not flowing. When baseflow dominates overall streamflow is at a minimum. 
Metabolites of pesticides are now known to be important contaminants of both groundwater 
and surface waters (Scribner et aI., 2000b), and in many studies the metabolites have been found 
at higher concentrations than the parent compounds. This was known previously for triazine 
herbicides, but has only recently been shown for chloroacetanilide herbicides. Thurman et aI. 
(1996) found that the median concentration of an alachlor metabolite (alachlor ethanesulfonic 
acid, or alachlor ESA) exceeded the median concentration of alachlor in rivers and reservoirs of 
the Midwest. Kalkhoff et aI. (1998) determined that several metabolites of chloroacetanilide 
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herbicides (parent compounds are acetochlor, alachlor, and metolachlor) were common in Iowa 
surface waters and groundwaters, and were found more frequently and at higher concentrations 
than the parent compounds (80% of the mass in surface waters consisted of metabolites). Kolpin 
et aI. (2000) found that most of a herbicides measured concentration was in the form of 
metabolites in Iowa groundwater. Kalkhoff et aI. (1998) therefore suggest that the reason 
chloroacetanilide herbicides have been found so infrequently in previous studies is because the 
metabolites were not determined, only the parent compounds, which are often a small component 
of the total amount of the herbicide. 
Phillips et aI. (1999) evaluated metolachlor and its metabolites in both tile drainage and 
stream runoff in New York. They found that two metabolites of metolachlor (metolachlor ESA, 
ethanesulfonic acid; metolachlor OA, oxanilic acid) were 200 to 1800 times higher in 
concentrations than the parent compound. In the stream they evaluated, metolachlor ESA was 2 
to 45 times higher in concentration than metolachlor, although concentrations of both were much 
less than in the tile drainage water. In fine textured soils Phillips et aI. (1999) found that the 
transport of metolachlor ESA was greater than metolachlor OA. Aga and Thurman (2001) 
reported that both alachlor ESA and metolachlor ESA were transported at higher concentrations 
and to deeper soil depths as compared to their parent compounds. Tauler et aI. (2000) found that 
the major source of alachlor ESA in outflows from reservoirs in the Midwest was related to the 
spring flush and seasonal runoff, with groundwater a minor source. 
Chlorinated atrazine metabolites (primarily deethylatrazine, DEA and deisopropylatrazine, 
DIA) have been known to be common contaminates of surface and groundwaters in the Midwest 
(Thurman et aI., 1992; Burkart and Kolpin, 1993; Kolpin et aI., 1995, 1996b; Barrett, 1996). 
However, Lerch et aI. (1998) recently found that hydroxylated atrazine metabolites can also be 
important, demonstrating that metabolites of herbicides that are detected and found to be 
important are constantly increasing. Recently cyanazine degradates were found to be more 
prevalent than the parent compound in groundwater across Iowa (Kolpin et aI., 2001). 
We used extensive field sampling of herbicides (triazines and chloroacetanilides) in river 
waters to obtain concentrations throughout the Camargo watershed of the Embarras River and to 
estimate herbicide loads (in three subwatersheds with variable subsurface drainage densities, and 
the overall watershed). The specific objectives of the study were to: 1) determine temporal 
herbicide concentrations and loadings in the river of an agricultural watershed at several 
locations, across a range of tile drainage densities; 2) estimate surface versus subsurface sources 
of water in each subwatershed to make a first approximation of the importance of tile drainage 
versus surface runoff in contributing to herbicide concentrations and loads during various flow 
events; and 3) examine parent compounds and metabolites of herbicides to better understand the 
environmental fate and transport of these herbicides. The Embarras River watershed is typical of 
the tile-drained areas in the Midwest under com and soybean agriculture. Flow proportional 
samples of the river at four locations and grab samples at thirteen other locations were used to 
characterize and understand the transport of herbicides during events. Detailed analysis of 
metabolites, particularly from chloroacetanilide pesticides (sulfonic and oxanilic acid 
metabolites) were studied to demonstrate if metabolites are an important component of pesticide 
loss in tile-drained agricultural areas. The products of this research provide needed information 
on pesticide transport (both parent compounds and metabolites) in a tile-drained watershed. 
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Chapter 2. Methodology 
2. 1 Field Sampling 
Four instrumented sampling sites in the Camargo watershed of the Embarras River were used 
in this study. This watershed has been previously described (David et aI., 1997) and has been the 
focus of detailed studies on Nand P export (Xue et aI., 1998). It is 92% row cropped in com and 
soybean agriculture typical of the Midwest, and is heavily tile drained. The primary sampling site 
was located at the USGS streamflow gaging station at Camargo, the outlet of the 48,173 ha 
watershed. Three subwatershed sites were selected from detailed GIS tile maps of the Camargo 
watershed. These sites were equipped with flow monitoring devices at points that represent 
subwatersheds with low (site S2, 2.8 Ian tile Ian-2), medium (S3, 4.35 Ian tile Ian-2), and high 
(SI, 5.3 Ian tile Ian-2) tile drainage densities (see details below for flow measurements). 
Corresponding watershed areas were 9300,3100, and 2939 ha for low, medium, and high tile 
drainage subwatersheds. Each of these three sites was equipped with an ISCO model 2900 water 
sampler that allowed for flow proportional sampling. The normal sampling line into the ISCO 
was replaced with teflon tubing, and special ISCO bases allowed the use of glass sampling 
containers. In addition to these four locations, 13 other sampling stations were established in the 
watershed to obtain samples from all branches and subwatersheds (Figure 1). Samples from these 
sites were collected monthly from March 1999 through August 2000. For the Camargo site of the 
Embarras River, samples were collected daily to weekly to monthly, depending on flow, from 29 
March 1999 through 12 September 2000, for a total of 71 samples (for herbicide analysis, 83 
total for nutrients). During the largest flow events, samples were collected twice a day at this 
site. 
The non-ISCO herbicide samples were collected in precleaned 120 ml or 500 ml glass bottles 
with teflon-lined caps by submerging the bottle in the middle of the river or in an area with rapid 
flow (grab samples). Several bottles were used to provide samples for each of the laboratories 
conducting analyses. All bottles were cleaned at Waste Management and Research Center 
(WMRC) using a machine washing procedure followed by heating in a muffle furnace (475°C 
for four hours). Field samples were immediately placed in a closed cooler with ice packs, and 
returned to the laboratory for analysis. 
One of the glass sample bottles was also used for nitrate, chloride, sulfate, and dissolved 
reactive P analysis. For other chemistry (total N and total P, data not shown in report), a 500 ml 
HDPE bottle was collected using the same techniques as for pesticides from the 4 primary sites. 
Glass bottles (precleaned 375 ml) from ISCO automatic samplers were collected no more 
than one day following an event, with samples placed in a cooler following removal from the 
ISCO. While samples were in the ISCO they were shaded and in the dark. All glass bottles used 
in the ISCO's were precleaned as described above for the grab samples. 
A full QA/QC program was used for all sampling and analysis. For the sampling component, 
this included field duplicates and travel blanks with each set of samples. 
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Figure 1. Map of the upper Embarras River watershed showing high density (Sl), medium 
density (S3), and low density (S2) tile subwatersheds, along with the outlet at 
Camargo. Arrows point to other locations used for herbicide sampling. Also 
shown is land cover for the watershed. 
2.2 Laboratory Analysis 
Laboratory analysis was divided among three laboratories, each determining different 
analytes. Immunoassay techniques were used on all samples as a screening tool to determine 
when more detailed analyses should be conducted. Both atrazine and metolachlor were 
determined using immunoassays in the Dept. of Natural Resources and Environmental Sciences 
at the University of Illinois. Samples were filtered through 0.45 ~m Gelman acrodisc filters into 
3 ml glass vials with teflon caps, and were then analyzed using atrazine and metolachlor kits 
from Strategic Diagnostics (Newark, Delaware). The quantitation limit was 0.1 ~g L-1 for both 
atrazine and metolachlor using this technique. Holding times were less than 7 days. 
For nutrient analysis, samples were filtered through Whatman GF/C glass fiber filters and 50 
ml placed in an acid-washed 250 ml HDPE bottle (for dissolved reactive P and ammonium-N), 
and 50 ml in a 60 ml non-acid washed HDPE bottle (for anions). The 250 ml bottle was acidified 
with sulfuric acid to a pH < 2 and refrigerated at 4°C. For total Nand P, a 50 ml unfiltered 
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sample was placed in a acid-washed 60 ml HDPE bottle and frozen. Samples for nutrient 
analyses were typically processed < 24 hours following collection. Holding times for analyses, 
following processing and storage, were 7 days for dissolved reactive P, 28 days for anions (if 
frozen) , and 6 months for total Nand P. Methods of analysis for immunoassays and for nutrients 
are given in Table 1. 
More detailed analyses of herbicides in the samples were conducted at the WMRC. Each 
sample was disk extracted (47 mm SDB extraction disks) and analyzed for atrazine, DEA, DIA, 
cyanazine, acetochlor, alachlor, metolachlor, pendimethalin (penoxaline), and trifluralin by gas 
chromatography/mass spectrometry. The quantitation limits were 0.5 Jlg L-1 in 1999, and 0.4 Jlg 
L-1 in 2000 for each of these compounds. In addition, the 1999 samples were analyzed for 
glyphosate using HPLC techniques, with a quantitation limit of 10 Jlg L-1. 
Samples were also shipped to the USGS Organic Geochemistry Research Laboratory in 
Lawrence, Kansas for determination of alachlor, metolachlor, and acetochlor metabolites. These 
included ESA and OA forms of these 3 herbicides. For samples collected prior to 23 May 2000, 
all analyses were by high-performance liquid chromatography with diode-array detection with a 
quantitation limit of 0.2 Jlg L-1, and following that date by liquid chromatography/mass 
spectrometry with a quantitation limit of 0.05 Jlg L-1 (Zimmerman and Thurman, 1999; Hostetler 
and Thurman, 2000). 
The QNQC program for all analyses included field and analytical duplicates, spikes, travel 
blanks, and calibration QC samples, and is detailed in the project quality assurance plan prepared 
for this study (David et aI., 1999). During the project a total of 500 water samples were collected 
(not counting QNQC samples), and all were analyzed using the immunoassay techniques. Of the 
500 samples, 87 were then analyzed by WMRC, and 70 of those by the USGS laboratory. 
2.3 Procedures and Methods for Tile Data Acquisition 
Mapping subsurface tile drainage - Many existing tile lines were laid more than 75 years 
ago, and through the years some of these have become nonfunctional. Most farmers do not have 
records of the layout of the drainage systems on their farms. Traditionally, farmers have used tile 
probes to locate tile lines by guessing at their locations, based on the location of dry and moist 
spots in the field. There is indeed a strong correlation between dry regions and the locations of 
tile lines if the drains are functioning properly. However, the effects of variations in soil type or 
topography often mask this correlation. In addition, the visual clues are difficult to pick.up in 
some soils, and tile probing is time consuming, labor intensive and uneconomical for large fields. 
The remote sensing method addresses these limitations of tile probe methods. 
Data Acquisition and Analysis- The subsurface drainage (tile) mapping procedure 
necessitated the acquisition of color infrared, and black and white aerial photographs, soil maps, 
and contour maps. The black and white aerial photographs were used as a base for defining land 
use and vegetation cover. 
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Table 1. Analytical methods used in project in Department of Natural Resources and 
Environmental Sciences, University of Illinois. 
Measurement Technique Method 
Reference 
Atrazine Immunoassay Strategic Diagnostics 
van Emon et al. (1989) 
Metolachlor Immunoassay Strategic Diagnostics 
van Emon et al. (1989) 
Nitrate-N Ion chromatograph 4110 B. Ion chromatograph 
APHA, 1998 
Ammonium-N Automated colorimetric 4500-NH3 G. Automated phenate 
APHA, 1998 
Ortho-P Manual colorimetric 4500-P E. Ascorbic acid method 
APHA, 1998 
Total P Persulfate digestion on 4500-P B. Sample preparation 
APHA, 1998 
hotplate, manual 4500-P E. Ascorbic acid method for 
colorimetric detection of ortho-P 
Total N Persulfate oxidation by 4500-N C. Persulfate method 
APHA, 1998 
autoclave, colorimetric 4500-N F. Automated Cadmium 
APHA, 1998 
by cadmium reduction Reduction Method 
Acquiring Color Infrared Aerial Photographs - A Hasselblad 500 EL/M camera and Kodak 
Aerochrome infrared type 2443 film were used for this study. The flight altitude was about 2600 
meters. During the period immediately following the spring thaw, tiles start to flow and moisture 
differences on soil surfaces can be detected in the infrared spectral range. The best photographs 
can be acquired on a cloud-free day, two or three days after a rainfall event that exceeds 5 cm. 
However, it is rarely cloud-free in the first few days after a suitable rainfall event, as solar 
heating of the moist soil surfaces produces overcast skies. Typically, there are no more than two 
or three times each year when the conditions are suitable for producing the required CIR 
photographs. 
7 
Scanning ofCIR Slides - The CIR aerial photographs were produced during the spring 
(March to April) of 1984 and 1997. Initially, several of the 70 mm CIR positive slides were 
scanned at densities ranging from 300 to 1200 DPI to determine the optimum density for further 
analysis. The scanning was done on a flat bed scanner and the scanned image was stored in TIP 
(tagged image file) format on compact disks (CDs). Since no significant qualitative differences 
were found between 300 DPI and 1200 DPI image, the final images were stored at a density of 
300 DPI. 
Additional Geo-referenced Data - The soil map, elevation map, administrative boundaries, 
and surface drainage map for the study area were digitized and added to the GIS database. These 
maps were overlaid as necessary to facilitate easier delineation of tile lines. The boundaries 
between soil units were extracted in digital format from 1: 15,840-scale soil survey maps. 
The most common soils in the watershed are silty clay loams in the Drummer-Flanagan 
association. Drummer and Flanagan soils have similar properties and are almost always found in 
association with each other. However, Drummer soils have a distinctly darker tone than 
Flanagan. Drummer is lower on the landscape and has a higher organic-matter content than 
Flanagan. 
Subsurface Tile Drainage Mapping Criteria - CIR photographs can indicate drainage 
patterns either from inferences from plant stress or from soil moisture (Baber, 1982). Remotely 
sensed data from a tile-drained area will have a fairly uniform texture representing good crop 
conditions, or on bare fields CIR aerial photographs exhibit a uniformly light gray tone (Robert 
and Rust, 1982). The degree of the color tone depends on the soil moisture level; dry soils are 
white to light gray, moist soils are gray, and wet soils are dark gray. Although the gray levels 
may be different for different soil types, if a tile is functioning properly, the moisture content of 
the soil in the immediate vicinity of a drainage tile will be less than that in the soil away from the 
drainage tiles, and the landscape will exhibit variations in reflectance in the infrared region of the 
radiation spectrum. Dry soils have higher spectral reflectance than wet or moist soils. This 
differential in reflectance can be used to reveal the location of tile drains if the effects of soil type 
and elevation are filtered out. Once the location of a tile line is known, differences in reflectance 
can also be used to determine if sections of the line are not functioning properly. 
Geo-referencing ofthe Images - The scanned digital CIR images were transferred into IMG 
format using the IMPORT command ofERDAS/IMAGINE. The images were then 
geometrically corrected based on ground control points from 1:24,000 topographic maps. A 
minimum of six control points were required for geometric correction. A linear polynomial 
equation with cubic convolution interpolation was employed in this process. The 
ERDAS/IMAGINE software can display soil, elevation map, and CIR image in the same 
window as an overlay. The soil and elevation map were displayed in transparent display mode, 
which allows better delineation of subsurface tile drains. 
Delineation ofDrainage Networks - In the image shown in Figure 2, three distinct moisture 
regions are observed. The wettest regions appear black and the color graduates to grayish white 
in the driest regions. For the most part, tile lines show up as light grayish-white linear features. 
The scanned color infrared image, soil maps and topographic maps were overlaid as necessary to 
8
 
facilitate easier delineation of tile lines. A combined overlay image is presented in Figure 3. The 
drainage tiles were digitized on screen in ERDAS/IMAGINE and saved as ARC/INFO vector 
coverage. 
Tile maps were prepared for 1 square mile sections in the watershed and joined together 
using the MAPJOIN command of ARC/INFO (ESRI, 1994). After joining together, the 
ARC/INFO BUILD command was used to build topology for the drainage tile map of the 
watershed. When the vector files were laid over the corresponding soil maps, it was observed 
that most of the linear features lie in the regions of the fields that have Drummer soils. This 
observation is consistent with the fact that Drummer soils tend to be darker and appear to be 
wetter (when not drained) than other soil types. 
2.4 Subwatershed Monitoring Stations 
Three monitoring sites were established in sections of watershed with varying drain density 
as detailed previously. Data from these sites, in addition to data from the USGS gaging station at 
Camargo, were used to calibrate and validate the model. Each measuring station was equipped 
with a data logger, which was connected to a Starflow meter and an ISCO sampler. The Starflow 
is an ultrasonic doppler instrument that measured water velocity, depth, and temperature at scan 
intervals of 5 seconds to 15 minutes and logs data at specified time intervals (Unidata, 1996). 
Each Starflow was equipped with a 128K onboard data logger, which controlled the instrument's 
operation and logged the measurements. The Starflow and ISCO (ISCO, 1996) sampler were 
powered by a deep cycle marine 12V battery, recharged by a 12V solar panel. A wireless 
weather station WS-2000 was installed to measure rainfall on each measuring site. The Starflow 
measured depth, velocity, and temperature of water with all data recorded every 15 min. The 
flow, flow rate, and total flow values were computed based on channel profiles that were 
determined by surveying. 
9
 
Figure 2. Infrared aerial image of a section (640 acres) in the upper Embarras River 
watershed. 
Figure 3.	 Infrared aerial image overlaid with soil and topographic maps, and digitized tile 
lines. 
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Chapter 3. Herbicide Use, Concentrations, Loads 
3. 1 Recent Herbicide Use in Illinois 
Herbicide use in Illinois has changed greatly during the last 9 years. In the early 1990's 
atrazine, cyanazine, metolachlor, and alachlor were the most applied herbicides, with smaller 
amounts of pendimethalin and trifluralin (Figure 4). However, following the approval of 
acetochlor in 1993 (with first applications in 1994), alachlor quickly was phased out so that by 
1996 alachlor was not used in Illinois, and acetochlor use was nearly 3000 metric tons yr-1• 
Cyanazine use also decreased through this time period, and was not used in 1999 or 2000. The 
other major change was with glyphosate, which increased greatly in use in 1998 through 2000. 
Therefore, during 1999 and 2000, the major herbicides in use in Illinois were (in order of metric 
tons of active ingredient) atrazine, metolachlor, acetochlor, glyphosate, pendimethalin, and 
trifluralin. 
3.2 Embarras River Flow Events 
The 1999 and 2000 water years had less flow than average, with large events at Camargo 
only during January and February of 1999, before herbicide applications (Figure 5). From 1973 
through 1998 yearly flow averaged 169 million m3 yr-1 for the Embarras River at Camargo. 
Yearly flow was 132 and 54 million m3 yr-1 for the 1999 and 2000 water years, with 2000 having 
the lowest flow recorded during the last 28 years (even less than the drought years of the 1980s). 
Therefore, our results must be placed in the context of much lower than normal flow in this 
watershed. 
During the late spring through early summer period when we would expect herbicide 
transport to be greatest, there were only 2 events each in 1999 and 2000. These events produced 
flow rates of 15 to 25 m3 S-l, considerably less than the 50 to 150 m3 S-l flow events that typically 
occur once or twice each water year. This lack of flow events greatly limited our ability to 
examine a range of events where we would have expected surface runoff and tile drainage to 
vary as contributors to river flow. Based on the modeling results described later, all events 
during the project sampling period were driven by tile drainage flow alone, except for the event 
that began on 24 June 2000 at subwatershed S3, where there was surface runoff. However, our 
ISCO failed at this site during this time period (a weekend), and no samples were obtained. 
Therefore, all of our analysis of herbicide data is for events driven by tile flow, and we cannot 
separate out the effects of surface runoff versus tile drainage. 
3.3 Comparison of Herbicide Analysis Techniques 
Immunoassays were used on all samples as a screening tool to identify samples for further 
analysis and to provide a larger data set to examine the sources and movement of herbicides in 
the watershed. A comparison of immunoassay and GCIMS atrazine values indicates that the 
immunoassay routinely overestimates this herbicide, although the response is linear (r2 = 0.97) 
and could be used to convert values (Figure 6a). When all GCIMS triazines (atrazine, DEA, 
DIA) are compared to immunoassay values there is a better agreement at concentrations below 5 
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Figure 6.	 Immunoassay atrazine versus (a) GC/MS atrazine and (b) total triazines for all 
samples collected by site. 
14 
Jlg L-1, but little change above that concentration because the parent compound dominated at 
high concentrations (Figure 6b). 
For metolachlor, immunoassays were closer to GC/MS values overall, but there was 
considerable scatter and the r2 of the regression line was 0.75 (Figure 7a). Comparing 
immunoassay metolachlor with the sum of acetochlor and metolachlor by GC/MS did not 
improve the relationship, demonstrating that the immunoassay is probably not detecting 
acetochlor (Figure 7b). 
The relationship observed between immunoassay and GC/MS atrazine is well known (Aga 
and Thurman, 1993), and is in part due to cross reactivity by both organic and inorganic 
compounds as well as metabolites of atrazine. In addition, incomplete extraction of atrazine in 
preparation for GC/MS measurement may explain the relationship observed. Aga and Thurman 
(1993) used a solid-phase extraction procedure to remove much of the interfering compounds. 
However, our linear relationship between the methods was quite strong and most of the variation 
was explained. Therefore, we could predict GC/MS values accurately using immunoassay 
atrazine values. For metolachlor, the immunoassay was strongly related to the GC/MS values, 
and a correction could be applied as well, although the relationship was not as good as with 
atrazine. 
3.4 Immunoassay Herbicide Results 
The largest event in the Embarras River at Camargo was during April of 1999, before 
application of herbicides (Figure 8). No extremely large events (> 50 m3 S-1 based on flow 
patterns during the last 30 years) occurred from late April of 1999 through the summer of 2000. 
However, the first 10-20 m3 S-1 event that occurred during late May through June each year did 
have the greatest concentration of herbicides as measured by immunoassay atrazine and 
metolachlor. Concentrations of atrazine at Camargo peaked at 28 and 31 j.lg L-1 in 1999 and 
2000, respectively, and metolachlor at 4 and 5 Jlg L- . As found in other rivers of the Midwest 
(Thurman et aI., 1991), the spring flush led to the highest concentrations of herbicides that were 
measured during the project in the Embarras River at Camargo. 
Each of the subwatersheds responded in a similar manner (Figures 9-11). Highest 
concentrations of immunoassay atrazine and metolachlor occurred during these early events 
following applications. The highest concentrations did vary greatly among the subwatersheds, 
and this was probably due to differences in rainfall intensity. We found different rainfall amounts 
and increases in flow among the subwatersheds for each event, which no doubt greatly affected 
the herbicide concentrations. All subwatersheds had much greater immunoassay atrazine and 
metolachlor concentrations than the overall watershed, with atrazine concentrations reaching a 
maximum of 92 Jlg L-1 at 52 on 23 May 2000. However, this was well before the large event that 
began on 27 May. 
On 23 May 2000, atrazine concentrations were variable throughout the watershed (Figure 
12). At this point herbicide applications were probably completed by all farmers, but there had 
only been some small rain events that led to slight flow events. Concentrations of atrazine in the 
East Branch of the Embarras River were 11.9 Jlg L-1 at the farthest upstream site, but increased to 
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the medium density tile subwatershed from 1 March 1999 through 1 October 
2000. 
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92 J.lg L-1 at S2. The Black, Long Point, and Jordan Sloughs all had relatively low atrazine 
concentrations « 15 J.lg L-1), as did the main branch of the river above where the East Branch 
entered. The highest concentration on this date on the main branch was below Villa Grove (85 
J.lg L-1), and at Camargo the concentration was low (2.2 J.lg L-1). With only low flow occurring, 
this pattern indicates that atrazine had entered the river along some branches, but was not yet 
leaving the watershed. With the large events on 27-28 May, however, this changed. 
Concentrations of atrazine at Sl (on the Black Slough) reached a high of 70 J.lg L-1 on 27 May, 
whereas sites on the East Branch decreased to about 8 to 9 J.lg L-1. On 28 May the river 
concentration at Camargo peaked with the peak in flow at 31 J.lg L-1. Together this pattern of 
atrazine concentrations shows variable movement into the branches during low flow, and a 
flushing of the herbicide during the first event following applications. 
The largest event during spring through early summer (May through July) of the two year 
period occurred on 26 June 2000 at Camargo, but the atrazine concentration was only 1.9 J.lg L-1. 
Even in a dry year, events that occur after the initial flush apparently do not cause parent 
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compound concentrations to increase much. However, metabolite concentrations during these 
events will be discussed below. 
3.5 Nutrients 
Nitrate and dissolved reactive P (DRP) had typical patterns for streams in central Illinois 
(David et aI., 1997; Xue et aI., 1998). Nitrate concentrations increased during the winter with the 
beginning of tile flow and remained at 10 to 16 mg N L-1 through July (Figures 8-11). All sites 
had similar concentrations of nitrate, indicating that all areas of the watershed contributed 
equally to the export of N at Camargo. Supporting the modeling results that there were no large 
surface flow events during the sampling period, there was no dilution of nitrate with high flows 
as has been previously noted for this watershed (David et aI., 1997). The DRP concentrations 
increased with increasing flow, with highest concentrations at Camargo and lower concentrations 
at the subwatersheds. 
3.6 Herbicide Parent Compound and Metabolite Concentrations 
Detection Frequency - Frequency of detection (by GC/MS, LCIDAD, and HPLC/MS) was 
summarized to obtain an indication of how often both the parent compounds and metabolites of 
the herbicides (and a few insecticides) commonly applied in Illinois were found. Atrazine was 
found in 60 to 75% of the samples at each of the four sites, DEA 20 to 50%, and DIA from 0 to 
about 15% (Figure 13). Therefore, for this heavily applied herbicide, the parent compound was 
detected in many more samples than the metabolites DIA and DEA. Other herbicides such as 
trifluralin, cyanazine, pendimethalin, and glyphosate were not detected in any samples (other 
than one sample with cyanazine), suggesting that they break down rapidly in the environment or 
did not move through soils into tiles. There is also the possibility that these herbicides were not 
used in this watershed. However, given the large amounts used in the state on com and soybean 
there is no reason to think they were not used in similar amounts in our study watershed. The 
insecticide chlorphyifos was also not detected in any samples. 
The chloroacetanilide herbicides had very different patterns than the triazines and other 
compounds shown in Figure 13. Acetochlor and metolachlor were both detected in many 
samples, ranging from 0 to 50% of samples for acetochlor, and 50 to nearly 80% of samples for 
metolachlor (Figure 14). However, the metabolites were found more often than the parent 
compounds, with metolachlor ESA detected most often (>90% from all sites), and metolachlor 
OA second (40 to 100% of samples at the four sites). Acetochlor ESA and OA were detected 
quite often as well. Alachlor and alachlor ESA and OA were also detected in a few samples, 
which is interesting since this herbicide has not been used since 1995. However, the number of 
detections was much less than for the currently used metolachlor and acetochlor. For 
chloroacetanilide herbicides, these results demonstrate that the metabolites are generally present 
in nearly all water samples in the watershed where they are applied. 
Atrazine -The median concentration of atrazine by immunoassay for all samples was about 
0.5 f.lg L-1, but many samples were well beyond the 10th and 90th percentiles (Figure 15a). When 
analyzed by GC/MS, the median concentration was 4 f.lg L-1 (Figure 15b), primarily because we 
chose samples for this analysis based on the concentration by immunoassay (higher 
concentrations were analyzed by GC/MS). When viewed by subwatershed and at Camargo, 
median concentrations were all similar, near 1 f.lg L-1 (Figure 16). However as discussed 
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Figure 16.	 Box plots by site of all immunoassay atrazine and metolachlor values for all 
samples collected in the upper Embarras River watershed. 
previously, high atrazine concentrations were observed during the first flow event following 
April and early May applications. 
The two atrazine metabolites were found at generally low concentrations when detected, with 
median values of 0.8 and 1 f.lg L-1 for DIA and DEA, respectively (Figure 15b). For the same set 
of samples, the parent compound atrazine had a median concentration of 4 f.lg L-1. Therefore, 
during this study these metabolites were about 25% of the concentration of the parent compound, 
but did increase the overall concentration of this herbicide residue by 50%. 
Chloroacetanilides - Metolachlor was found at much lower concentrations than atrazine 
(Figure 15a). The median concentration was 0.3 f.lg L-1 for all 500 samples analyzed by 
immunoassay, but was found as high as 13.9 f.lg L-1• There was no trend among the 
subwatersheds, and the Embarras River had a greater median value compared to them (Figure 
16). When analyzed by Ge/MS, each of the parent chloroacetanilide compounds had a similar 
median concentration of just over 1 f.lg L-1 for all samples, although acetochlor and metolachlor 
had much higher concentrations measured than alachlor (Figure 17a). When detected, the 
metabolites (OA and ESA) for each of the chloroacetanilides had different concentrations 
(Figure 17b). Alachlor ESA and OA had the lowest median concentrations, ranging from 0.1 to 
0.25 f.lg L-1, with no values above 0.6 f.lg L-1. Acetochlor had the next highest median 
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Figure 17.	 Box plots for samples collected in the upper Embarras River watershed (with 
detectable immunoassay results and detectable herbicides) of (a) chloroacetanilide 
herbicide parent compounds and (b) chloroacetanilide metabolites. 
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concentrations of 0.5 to 0.7 J.lg L-1 for the ESA and OA metabolites, respectively, with individual 
samples as high as 6 J.lg L-1. Metolachlor ESA had by far the highest median concentration, 
however, of 2 J.lg L-1, and metolachlor OA and acetochlor OA had similar median concentrations 
(0.6 J.lg L-1). Again, similar to acetochlor metabolites, many samples had metolachlor ESA 
concentrations of above 2 J.lg L-1. 
The median value of the sum of the three chloroacetanilide parent compounds was 3.4 J.lg L-1, 
whereas it was 4.3 J.lg L-1 for the sum of the six metabolites. Kalkhoff et al. (1998) measured 
values of 0.13 and 6.4 J.lg L-1 for the same parent compounds and metabolites in surface waters 
of Iowa in 1996, and found a pattern of ESA > OA > parent compounds. Our pattern of 
concentrations differed among the three herbicides, with parent compounds> metabolites for 
acetochlor and alachlor, but ESA > parent compound> OA for metolachlor. Our results support 
the importance and persistence of chloroacetanilide metabolites as discussed by Kalkhoff et al. 
(1998), but the concentrations of metabolites were not as high as in their study. There are several 
possible reasons for this difference, including: size of the rivers, amount of tile drainage, and 
runoff. We sampled three subwatersheds and one watershed that were small in size, whereas the 
Kalkhoff et al. (1998) study included major river sampling sites in eastern Iowa. A large part of 
the watershed that they sampled was also not tile drained, which may alter breakdown and 
transport of herbicides. Finally, we sampled during two low stream flow years, which may have 
greatly affected transport of these herbicides. Our results do point out that significant herbicide 
concentrations of chloroacetanilide parent and metabolite compounds can move into streams of 
central Illinois through tile flow alone (no surface mnoff). 
When examined by site, some interesting patterns were identified for the chloroacetanilide 
metabolites. At Camargo, metolachlor and its metabolites were the dominant chloroacetanilide 
herbicide (Figure 18). Metolachlor ESA concentrations were remarkably constant throughout our 
sampling period, ranging from 1.2 to 3.9 J.lg L-1 at this site (Camargo). There was no relationship 
of this metabolite to flow, and it seemed to be present at this concentration level whenever 
samples were sent for analysis. It appears that metolachlor ESA is a common metabolite that is 
present at relatively high concentrations in the river. Among the subwatersheds, there was no 
apparent pattern with tile density for the chloroacetanilides or their metabolites (Figure 19-21). 
Site S3 (medium density tile density) had lower median concentrations of metolachlor and ESA 
and OA metabolites compared with the other subwatersheds. This difference could result from 
application rates of the herbicides in the subwatersheds. 
3.7 Herbicide Load Estimates 
Load calculations were made for the entire Embarras River watershed above Camargo and 
the medium density and high density subwatersheds. An estimated 27,000 kg of atrazine, 13,500 
kg of metolachlor, and 12,600 kg of acetochlor was applied in 1999 and 2000 to the watershed 
on com. These were estimated by using the application rates and percent of crop they are applied 
to from state summaries, because more detailed information was not available. The area of the 
watershed and percent in com was taken from David et al. (1997). Using immunoassay derived 
atrazine concentrations, an estimated 257 and 127 kg of atrazine was exported from the 
watershed during the 1999 and 2000 water years, respectively. This is 1 and 0.5% of the amount 
applied each year for 1999 and 2000, respectively, and is lower than rates found for the 
Mississippi River basin (MRB). Clark and Goolsby (2000) estimated that 2% of the atrazine 
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Figure 20.	 Box plots for all samples collected at the medium density tile site (53) of (a) 
chloroacetanilide herbicide parent compounds and (b) chloroacetanilide 
metabolites. 
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applied in the MRB from 1991 to 1997 entered the Gulf of Mexico. They also found that most of 
the herbicide load occurred during May to August, peaking in June. We also estimated that most 
of the atrazine was discharged during May through July (196 and 110 kg for the 1999 and 2000 
water years, respectively, 76 and 87% of the yearly sum). These atrazine estimates are based on 
immunoassay values, and would be much smaller if they were corrected to GC/MS values (137 
and 68 kg for 1999 and 2000 water years, respectively, or 0.5 and 0.2% of that applied). Due to 
the below normal hydrologic conditions during this study, it is not surprising that atrazine losses 
were small. However, atrazine is often thought to be lost primarily through surface runoff (Ng 
and Clegg, 1997), and we found high concentrations and loads from tile drainage only. 
Metolachlor ESA was the dominant chloroacetanilide herbicide residual compound in the 
river at Camargo (an estimated 349 and 143 kg for the 1999 and 2000 water years, respectively). 
Clark and Goolsby (2000) determined that the percentage of chloroacetanilide herbicides that 
were exported from the MRB were generally much less than 1% of the applied amount, much 
less than atrazine. Given the importance of metabolites of chloroacetanilides, it is not surprising 
that so little of the parent compounds are exported by rivers. Our results are consistent with 
Kalkhoff et al. (1998) and Phillips et al. (1999), indicating the metabolites of chloroacetanilides 
are found in the greatest concentrations in surface waters and are therefore exported in larger 
amounts than parent compounds. 
The subwatersheds with gaged flows (Sl and S3) did differ in herbicide loads, following the 
concentration data presented previously. The high density subwatershed (S 1) had estimated 
metolachlor ESA losses of about 9.4 kg (6.7 g ha-1 com) during May through July each year, 
whereas the medium density subwatershed (S3), had much lower losses of only 2.6 kg (1.8 g ha-1 
com). There were some gaps in the flow data due to equipment malfunctions during these 3 
months periods, so these are minimum estimates. Metolachlor ESA was the primary 
chloroacetanilide herbicide (parent compound or metabolite) lost from the subwatersheds. 
Chapter 4 - Mapping and Modeling Results 
4. 1 Subsurface Drain Mapping Results 
Subsurface drain layout maps (Figure 22) were created for most of the subwatersheds in the 
upper Embarras River watershed using color infrared aerial photographs. The subsurface drain 
density ranged from 2.5 to 5.8 km km-2 across the watershed. In all probability, many of the 
patterns observed on this watershed can be extrapolated to similar watersheds in central Illinois: 
•	 Most of the drainage systems are irregular, that is, the drains are not laid out according to a 
geometric pattern, nor are they equally spaced. There is, therefore, a need to determine the 
actual areas contributing flow to these drainage systems. 
•	 There is a strong correlation between soil type and subsurface drainage density. Most of the 
drains are associated with Drummer silty clay loam. 
•	 A small percentage of the subsurface drains extend across the boundary of the watershed, a 
predictable phenomenon in flat watersheds. However, for the most part, the boundaries of the 
surface and subsurface watersheds coincide. 
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Figure 22. Locations of tile lines in the upper Embarras River watershed. 
4.2 Continuous Watershed-scale Model 
Watershed scale modeling that includes tile systems has not been widely practiced because of 
the inability to map existing tile systems. However, tile maps have been obtained for this 
watershed, as described earlier. A watershed-scale model that was developed for tile-drained 
watersheds was applied to this watershed. This model was developed by coupling the field-scale 
model, DRAINMOD, with the ArcView geographic information system (Northcott, 1999; 
Northcott et aI., 1999). Subsurface drainage systems in the watershed were mapped into a GIS 
using the method described above. 
The DRAINMOD-based model was developed and tested using data from the Upper Little 
Vermilion River (ULVR) watershed, which is adjacent to the Embarras River watershed. Like 
the Embarras River watershed, the land use and cover in the ULVR is predominantly row crop 
agriculture and the soils in the watershed consist mainly of silt loams and silty clay loams that 
are moderately permeable and poorly drained (Drablos and Moe, 1984). Like the upper Embarras 
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River watershed, Drummer silty clay loam is the most common soil type in the watershed 
accounting for 52 percent of the soils in the area. The topography of the watershed is extremely 
flat with 80 percent of the land area having slopes of less than one percent. Because of such flat 
conditions, subsurface tile drains are extensively used in the watershed to drain excess water. 
The model provided a good simulation of the Upper Little Vermilion River watershed. Using 
observed daily flow and nitrate load data from 1993, the model simulated watershed flow with an 
R2 value of 0.75 and daily nitrate load with a value of 0.77. 
4.3 Model Overview 
For DRAINMOD to be used to simulate the hydrology and nitrate loss from a tile-drained 
watershed, it must be altered from a strictly field-scale model to a watershed-scale model. To 
accomplish this, the watershed is subdivided into field-sized (40 acres) units or cells and 
DRAINMOD is run with inputs based on the individual characteristics of each cell. The results 
are routed and summed to predict the total watershed response. To manage the large amount of 
input data from running the model on numerous cells, a Windows-based Graphical User 
Interface, and the Arc/Info and ArcView GIS packages were used to prepare and store input data, 
and create DRAINMOD input files. The result is a distributed parameter model created by 
merging a lumped parameter model and a GIS. 
There are three sections to the model, cell hydrology/nitrate simulation, baseflow simulation, 
and surface runoff routing. Cell hydrology/nitrate simulation is controlled by DRAINMOD. In 
this application, only the hydrologic functions of the model were considered. Each cell is 
simulated based on individual drainage characteristics. Information provided by the GIS is used 
to determine the drainage design for the tile in the cell, namely effective drain spacing, soil type, 
drainage area, and amount of surface runoff coming into the cell. Several other variables such as 
drain depth, surface storage, and effective tile radius are held constant at average values because 
these values could not be determined across the watershed without direct measurement. In the 
absence of more detailed information, cropping for each cell is determined randomly, with an 
equal chance for com or soybean in a com-soybean rotation. 
Baseflow simulation is also performed by DRAINMOD, with the stream network in the 
watershed treated as a long, deep tile system. Cells that contain the stream network are 
designated as "ditch cells". The ditch cells are created by the interface after the tile cells have 
been completed. The cells are altered to simulate a deep ditch with wide drain spacing. 
Surface runoff routing is a feature that allows the individual cells to interact with one another. In 
the current version of DRAINMOD, each simulation generates an hourly surface runoff file 
containing the amount of runoff and the time that the runoff occurs. These runoff files can be 
used as inputs into other DRAINMOD simulations. In this modeling approach, the cells in the 
watershed are simulated in a certain order based on their position in the watershed. The cells in 
the most upland regions of the watershed receiving no surface runoff are simulated first. Next, 
the cells, which receive the first cells runoff, are simulated. This cycle is continued until the 
watershed outlet is the final cell that is simulated. The flow paths and orders are determined by 
performing spatial analysis on the topographic GIS layer of the watershed. 
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4.4 Determination ofModel Parameters 
Field scale DRAINMOD parameters were determined from a field scale tile drainage study 
within the Little Vermilion River watershed. Drain spacing and the saturated hydraulic 
conductivity in the drain layer were found by Kurien et al. (1997) to be the most sensitive in 
predicting tile drain flow. In the field scale study, it was determined that on average, individual 
tile lines in Drummer soil (the predominate soil type in both watersheds) have an effective 
parallel drain spacing of 36.6 meters (Northcott, 1999; Northcott et aI., 1998). This corresponds 
to a reasonable value since the recommended parallel drain spacing for Drummer soil ranges 
from 24.5 to 36.6 m. To represent the regions of the watershed that were under direct influence 
of tile drains, an 18.3 meter buffer was placed on either side of each tile line. Intersecting the tile 
and drainage coverages with the cell coverage and dividing the drainage area by the length of tile 
in each cell determined the effective drain spacing for each cell in the watershed. A close-up 
example of an individual cell with its associated tile drain and drainage area is shown in Figure 
23. A drain depth of 107 cm was used in all tile cells to represent the average drain depth for 
Drummer soil. As with the Upper Little Vermilion River watershed, the predominate soil type in 
Black Slough is Drummer silty clay loam so the Drummer soil property files created in the 
Upper Little Vermilion project were used in the study. 
The stream network in the Black Slough (site Sl) was simulated using the same drain 
spacing and soil parameters that were calibrated in the Upper Little Vermilion River. In the 
development of the model, the channel was simulated as a deep tile system with a depth of 1.8 m 
and an effective drain spacing of 91 m. So as to satisfy the water balance, the effective drainage 
area of each ditch cell was calibrated to 40 acres. This did an effective job of simulating stream 
baseflow between storm events. In this study, these parameters that were calibrated for the Upper 
Little Vermilion River were used for inputs for the Black Slough. 
The model was used to simulate flow for Black Slough from 1 April 2000 to 19 June 2000. 
Rainfall and other climate data were obtained from the weather station that was installed in the 
subwatershed. The model water balance consisted of three components, tile flow, stream flow, 
and surface runoff. These three components were summed to provide a daily flow for Black 
Slough. 
4.5 Modeling Results and Discussion 
The observed flow and precipitation for the simulation period (1 April 2000 through 19 June 
2000) are shown in Figure 24. The simulated daily stream flow is shown in Figure 25. The model 
did a good job of simulating flow on the Black Slough using drainage parameters derived from 
the Upper Little Vermilion River. Overall, comparing daily simulated and observed flow, the 
coefficient of determination (R2) was 0.75. The average absolute daily flow deviation was 0.045 
cm and the Root Mean Square Error was 0.11. 
A detailed view of the simulated and observed baseflow is shown in Figure 26. An important 
consideration in the baseflow simulation is that the Black Slough performs similarly and on the 
same magnitude as the Little Vermilion River during low flow conditions. The model also 
performed well simulating peak flow for the large storm event on 21 May that received 86 mm 
of rainfall. The summation of the tile flow, stream base flow, and surface runoff was within 10% 
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Figure 24. Observed daily rainfall and stream flow for Black Slough beginning 1 April 2000. 
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of the observed peak flow rate. However, the model did not do a good job of simulating the 
recession curve of the hydrograph. 
During an 80-day simulation period the model performed well, explaining 75% of the 
variability in stream flow. The data shown above indicate that the hydrologic component of the 
DRAINMOD-based watershed-scale modeling approach works well. Testing the model on the 
limited data set from the Black Slough subwatershed has led to the following conclusions: 
1.	 The "wide tile spacing" works adequately to simulate ditch baseflow. Also, the calibrated 
parameters for baseflow seem to apply for other similar streams in the east-central Illinois 
region. 
2.	 Field scale DRAINMOD parameters (i.e., drain spacing, hydraulic conductivities) are 
applicable across watersheds with similar soil properties. 
3.	 The runoff component and corresponding runoff routing is important to consider during large 
storm events, but could not be fully tested in this study because few surface runoff events 
occurred. 
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Chapter 5 - Conclusions 
We sampled the Embarras River watershed above Camargo for herbicides during two dry 
springs with low stream flow (when compared to historical data). A model was constructed that 
simulated the stream flow dynamics on a watershed scale, and included surface and subsurface 
flow. Modeling results indicated that during the sampling period there was only 1 rainfall event 
that generated surface runoff, and that was only in a portion of the watershed. Therefore, the 
herbicide concentrations that were observed were almost entirely due to subsurface tile flow 
throughout the sampling period. Due to the lack of storms causing large flow events, we were not 
able to evaluate the impact of surface runoff on herbicide transport and concentrations. The 
varying density of tiles among the subwatersheds studied did not influence concentrations of 
herbicides or nutrients during the study, which may have been due to the low rainfall and stream 
flow observed. 
Atrazine, the dominant com herbicide, was found in streams throughout the watershed and 
peaked in concentration during the first flow event each year in late to early June. Similar to 
previous studies in the Midwest, we observed a spring flush that transported the greatest 
concentrations of atrazine from the watershed. Atrazine metabolites DIA and DEA were detected 
in many samples, but were generally much lower in concentration than the parent compound. On 
a mass basis, < 1% of the applied atrazine was exported from the watershed. 
For the chloroacetanilide herbicides (alachlor, metolachlor, and acetochlor), metabolites were 
found in many samples, particularly metolachlor ESA, which was found in nearly all samples 
analyzed for this compound. The summed median concentrations of the six metabolites was 
greater than the sum of the three parent compounds, demonstrating the importance to analyze 
both types of compounds. These metabolites have only recently been investigated and detected in 
surface waters, and there are no drinking water standards established for them. Particularly 
worrisome is metolachlor ESA, which was found at concentrations of 1.2 to 3.9 Jlg L-1 and was 
present in nearly all samples analyzed for it. Concentrations of this metabolite did not appear to 
vary with flow, suggesting that this metabolite is quite persistent and ubiquitous in the watershed 
studied. Therefore, our estimate of the amount exported from the watershed each year was quite 
large (246 kg y-l) during these two rather dry years. Whether chronic exposure to this chemical 
in combination with other herbicides causes adverse effects on aquatic ecosystems or human 
health is unknown. 
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Chapter 6 - Recommendations 
1.	 Human health and environmental effects studies need to be completed on the common 
herbicide metabolites found in this study. Because many towns in Illinois drink surface 
waters and the herbicides are used in large amounts, chronic exposure should be evaluated. 
2.	 Future studies are needed to evaluate chloroacetanilide herbicide metabolites in tile drained 
watersheds during years with typical flow events, that usually include surface runoff storms 
in spring to early summer in addition to tile drainage. In this study we found that although 
tiles could transport these herbicides and metabolites at detectable concentrations, we did not, 
however, learn what might happen with much higher flow events because none occurred. 
3.	 Continue to conduct studies that incorporate hydrologic modeling with field sampling, to 
better understand flow routing and herbicide movement in tile drained watersheds. 
4.	 Investigate the sampling regime used to regulate safe drinking water. Is the population that 
drinks from surface waters being adequately protected by current regulatory standards? 
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